Introduction
============

Fluorescent molecules that exhibit emission in the near infrared (NIR) region have attracted increasing attention due to their versatile utility in biological applications[@cit1] and optoelectronics.[@cit2],[@cit3] In particular, the emission of such long-wavelength light reduces the phototoxicity toward cells, avoids interference from the auto-fluorescence background, and enables an in-depth penetration due to the low absorptivity between 650 nm and 900 nm in biological tissue.[@cit4] Fluorophores with these features are highly desirable for optical imaging in biological research such as deep-tissue imaging.[@cit5] Moreover, the fabrication of organic light-emitting diodes using NIR fluorophores would provide a promising light source for various bio-sensing applications such as pulse oximeters.[@cit6] Thus, considerable efforts have recently been devoted to the development of NIR fluorophores based on various design principles, such as construction of donor--acceptor-type skeletons,[@cit7]--[@cit10] modifications of polymethine-based skeletons such as cyanine dyes,[@cit11] xanthene dyes,[@cit12]--[@cit15] and BODIPY,[@cit16],[@cit17] as well as the formation of emissive excimers[@cit18] or aggregates.[@cit19] One particularly intriguing approach is based on the construction of a skeleton that features excited-state intramolecular proton transfer (ESIPT), *i.e.*, the intramolecular transfer of an acidic proton to a basic moiety in the excited state (ES).[@cit20] Consequently, such a fluorophore can exhibit fluorescence with a large Stokes shift, which is the most notable feature of ESIPT-capable fluorophores compared to other types of emitting materials.

Various types of the ESIPT systems have been reported, *e.g.* those containing 2-hydroxyphenyl-substituted benzothiazoles,[@cit21] benzoxazoles,[@cit21a],[@cit22] imidazoles,[@cit23] imidazo\[1,2-*a*\]pyridines,[@cit24],[@cit25] or 10-hydroxy benzo\[*h*\]quinolines.[@cit26] In particular, some ESIPT fluorophores with azole-type heterocycles have a suitable structure to avoid a nonradiative twisted intramolecular charge transfer process,[@cit27] and thereby exhibit intense ESIPT emission in the visible region. However, ESIPT fluorophores often suffer from low fluorescence quantum yields when their emission wavelengths reach the NIR region. One of the reasons for the inefficient ESIPT emission is slow radiative decay of the ES following proton transfer. Most conventional ESIPT systems rely on keto--enol tautomerism in the ES. This structural change results in a localization of the HOMO and LUMO in the ESIPT state, which results in a reduced overlap between ground and ES wavefunction and consequently leads to a small oscillator strength associated with the radiative decay.[@cit28] In addition, according to the energy-gap law,[@cit29] the nonradiative decay rate constants are expected to significantly increase upon bathochromically shifting the electronic transition. Therefore, a new design of an ESIPT-capable skeleton that does not rely on the keto--enol tautomerism is required to attain an intense emission in the NIR region based on the ESIPT mechanism.

Herein, we disclose a design strategy for fluorophores that exhibit a NIR-excited NIR emission based on a unique ESIPT skeleton. We have previously reported a 2,5-dithienylpyrrole that contains a dialkylamine strap as a core skeleton to induce ESIPT.[@cit30] The underlying concept for the design of this scaffold is to introduce a basic amine moiety as a proton acceptor to an emissive π-conjugated skeleton with an acidic proton in a shape suitable for formation of an intramolecular hydrogen bond ([Fig. 1a](#fig1){ref-type="fig"}). Indeed, strapped 2,5-dithienylpyrrole **1**, which contains dimesitylboryl groups at the terminal positions, exhibited an emission band at ∼600 nm that was accompanied by a large Stokes shift in polar solvents, resulting from a zwitterionic ESIPT structure. Notably, a symmetric acceptor--π--donor--π--acceptor structure usually benefits efficient two-photon-absorption (TPA) properties.[@cit31] This fact prompted us to aim at a more red-shifted NIR emission upon excitation with NIR light through TPA. To optimize the structure to this end, the key features should be (**1**) the electron-accepting ability of the terminal groups and (**2**) the hydrogen-bond-forming ability of the strap moiety. To explore the substituent effects, we synthesized a series of compounds **2--7** that contain various terminal groups and strap moieties ([Fig. 1b](#fig1){ref-type="fig"}). Among these, compound **5**, which was extended with borylvinyl groups, indeed exhibited the desired bathochromically shifted NIR emission with high intensity.

![(a) Schematic illustration of NIR two-photon-excited and -emissive strapped ESIPT dyes and (b) chemical structures of **1--7**, which were examined in this study.](c8sc00066b-f1){#fig1}

Results and discussion
======================

Synthesis of a series of strapped dithienylpyrroles
---------------------------------------------------

The synthesis of compounds **2--5** is shown in [Scheme 1](#sch1){ref-type="fig"}. Compounds **2** and **3** were synthesized in three steps from strapped dithienylpyrrole **8**. The pyrrole N--H moiety in **8** was initially protected with a *t*-butoxycarbonyl (Boc) group to afford **9**, which was transformed into **10** and **11***via* lithiation with *n*-BuLi followed by treatment with the corresponding electrophiles. A subsequent heat-induced deprotection of the Boc group on the pyrrole afforded **2** and **3** as a colorless oil and a brown solid, respectively. Dimesitylborylxylyl-substituted **4** was synthesized in three steps from **9**. Namely, **9** was dilithiated with LDA, followed by treatment with 1,2-dibromotetrachloroethene to furnish **12**. After removal of the Boc group by treatment with an excess amount of sodium methoxide, Suzuki--Miyaura coupling reaction with the corresponding boron compound afforded **4** as a yellow powder. Dimesitylborylethenyl-substituted **5** was synthesized in three steps from **12**. Sonogashira--Hagihara coupling reaction between **12** and trimethylsilylacetylene afforded **13**, from which the trimethylsilyl and Boc groups were removed simultaneously by treatment with an excess amount of sodium methoxide to generate **14**. A subsequent hydroborylation with dimesitylborane afforded **5** as an orange powder. Reference compounds **6** and **7** with a longer or non-amine strapped chain, respectively, were synthesized in a similar manner as described for **3** and **5**, respectively.

![Synthesis of **2--5**. *Reagents and conditions*: (a) Boc~2~O, DMAP, MeCN, 80 °C; (b) *n*-BuLi, THF, --78 °C; (c) diethyl chlorophosphate, THF, --78 °C to rt; (d) DMF, THF, --78 °C to rt; (e) neat, 150 °C for **2**; 170 °C for **3**; (f) LDA, 1,2-dibromotetrachloroethane, THF, --78 °C to rt; (g) NaOMe, THF/MeOH, 80 °C; (h) 4-Mes~2~B-3,5-Me~2~C~6~H~2~B(pin), Pd(PPh~3~)~4~, K~2~CO~3~, THF/H~2~O, 80 °C; (i) trimethylsilylacetylene, Pd(PPh~3~)~4~, CuI, *i*-Pr~2~NH, 70 °C; (j) HBMes~2~, THF, rt.](c8sc00066b-s1){#sch1}

The effect of terminal electron-accepting groups on the ESIPT behavior
----------------------------------------------------------------------

Initially, we explored the impact of the terminal groups on the ESIPT behavior. For that purpose, we introduced diethoxy phosphoryl (--P(0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O)(OEt)~2~) or formyl groups into **2** and **3**, respectively. Importantly, while the phosphoryl group can be considered as an electron-withdrawing group based on the inductive effect, the formyl group serves as an electron-accepting group that shows the mesomeric effect and participates in the delocalization of the LUMO (Fig. S22[†](#fn1){ref-type="fn"}). Consequently, **3** exhibits a much lower LUMO compared to that of **2**, and this difference is consistent with the photophysical properties of these compounds ([Fig. 2a](#fig2){ref-type="fig"}). The absorption spectrum of **3** in THF shows an absorption maximum (*λ*~abs~) at 423 nm, which is by 61 nm bathochromically shifted compared to that of **2**. The fluorescence spectra in the same solvent show an even more pronounced difference. While phosphoryl-substituted **2** exhibits an emission band (*λ*~em~) at 456 nm with shoulders at 420 nm and 487 nm, formyl-substituted **3** shows two distinct emission bands at 490 nm and 552 nm with Stokes shifts of 3200 cm^--1^ and 5500 cm^--1^, respectively. Picosecond time-resolved fluorescence spectroscopy measurements showed that the fluorescence decay curves can be fitted with double-exponential functions for both compounds (2 : 0.74 and 0.97 ns, 3 : 0.73 and 1.7 ns in THF, respectively. Fig. S12 and S13[†](#fn1){ref-type="fn"}), indicative of dual emission from the locally-excited (LE) and ESIPT states for both compounds. However, it is obvious that the ESIPT emission is more enhanced in formyl-substituted **3**. This difference implies that the degree of the electron-accepting ability of the terminal group should affect the acidity of the pyrrole N--H group in the ES.

![UV-vis absorption and emission spectra of (a) **2**, **3**, and **6** in THF and (b) **3** in various solvents; dotted lines represent absorption, while solid lines show emission.](c8sc00066b-f2){#fig2}

Interestingly, **3** exhibited a distinct dependence of its dual emission properties on the solvent polarity ([Fig. 2b](#fig2){ref-type="fig"}). In nonpolar cyclohexane, **3** exhibited an intense structured emission band at 466 nm (*Φ*~F~ = 0.37). The single exponential decay of the fluorescence suggests the existence of only LE state in this solvent. As the solvent polarity increases from benzene to THF to acetone, the emission band from the ESIPT state increased in intensity and was slightly red-shifted. Eventually, **3** showed emission only from the ESIPT state in acetone, as was evident from a single component of the fluorescence lifetime. It should be noted that the total fluorescence quantum yield increases with the solvent polarity and ultimately reaches *Φ*~F~ = 0.60 in acetone. This is opposite to the general trend observed for conventional A--π--D--π--A-type compounds, whose quantum yields tend to decrease with increasing solvent polarity. This trend should result from the higher fluorescence quantum yield for the ESIPT emission compared to that for the LE emission. The radiative (*k*~r~) and nonradiative (*k*~nr~) decay rate constants from both states were determined based on the *Φ*~F~ and *τ* values (Table S1[†](#fn1){ref-type="fn"}). While the *k*~r~ and *k*~nr~ values are 0.41 × 10^9^ s^--1^ and 0.70 × 10^9^ s^--1^ for the LE state in cyclohexane, the values for the ESIPT state in acetone are 0.27 × 10^9^ s^--1^ and 0.18 × 10^9^ s^--1^, respectively. This comparison clearly shows that the nonradiative decay from the ESIPT state is retarded to a larger extent.

The effect of the length of the strap chain on the ESIPT behavior
-----------------------------------------------------------------

To induce ESIPT, an appropriate chain length of the strap moiety is also crucial. Compound **6** bears the longer strap chain and shows, in sharp contrast to **3**, only a single emission band even in polar solvents ([Fig. 2a](#fig2){ref-type="fig"}). Its emission band is located in a similar region to that of the LE band of **3**. Time-dependent fluorescence measurements revealed that **6** has only a single component of the fluorescence lifetime. These results demonstrate that **6** is ESIPT inert even though it contains a proton-accepting amine in the strap chain.

The behavioral difference between **3** and **6**, despite sharing an identical fluorophore skeleton, should be attributed to differences in the ability to form an intramolecular hydrogen bond between the pyrrole N--H bond and the amine moiety of the strap. To obtain clear-cut evidence for such intramolecular hydrogen bonds, the molecular structures of **3** and **6** in the crystalline state were determined ([Fig. 3](#fig3){ref-type="fig"}). In the single crystals, the dithienylpyrrole scaffold of 6 adopts an unsymmetrically twisted structure. The dihedral angle between the central pyrrole ring and the thiophene rings are 27.9° and 54.4°. In contrast, **3** exhibits a relatively coplanar structure with dihedral angles of 25.2° and 17.9°. This difference should be responsible for the slightly red-shifted absorption maxima of **3** (*λ*~abs,max~ = 423 nm) compared to that of **6** (*λ*~abs,max~ = 393 nm). More importantly, while the distance between the two nitrogen atoms N1 and N2 in **6** is 5.21 Å, that in **3** is 2.83 Å, which clearly demonstrates the existence of an intramolecular hydrogen bond.[@cit32] This comparison shows that the chain length of the strap moiety is critical for the formation of an intramolecular hydrogen bond.

![X-ray crystal structures of (a) **3** and (b) **6** (thermal ellipsoids set to 50% probability). Expect for the N--H proton of the pyrrole ring, all hydrogen atoms are omitted for clarity.](c8sc00066b-f3){#fig3}

The ^1^H NMR spectra of **3** and **6** in C~6~D~6~ revealed that this structural difference is retained in solution. While the resonance signal for the N--H proton of **6** appeared at 8.27 ppm, that of **3** was significantly downfield-shifted (13.1 ppm) (Fig. S1[†](#fn1){ref-type="fn"}). Comparisons of the ESIPT behavior and the structural features between **3** and **6** demonstrate that the preorganization of the intramolecular hydrogen bond with a strap chain of appropriate chain length enables the efficient formation of the ESIPT state.

Theoretical study of the ES
---------------------------

In comparison with conventional ESIPT systems that comprise 2-hydroxyphenyl-substituted azoles or related scaffolds, the most notable feature of our system is that intense emission is retained even in the ESIPT state. From this feature it can be inferred that even after the proton transfer occurs, the fluorophore skeleton retains the π-extended character of the A--π--D--π--A electronic structure. Moreover, in the ESIPT state, as the electron-donating character of the pyrrole moiety is enhanced, a quinoidal character with a more rigid planar structure is adopted, which could be the origin of the intense emission. For the theoretical elucidation of the ESIPT behavior in our system, **3** is the most suitable compound to investigate in depth, as it shows distinct emissions from the LE state in cyclohexane and from the ESIPT state in acetone. Based on this consideration, we conducted TD-DFT calculations on **3**, using the CAM-B3LYP functional in order to determine the structures in the LE and ESIPT states, where solvent effects were considered using the PCM model.

The geometry optimization of **3** in *S*~1~ revealed two local minima that can be associated with the LE and ESIPT states in both cyclohexane and acetone ([Fig. 4](#fig4){ref-type="fig"}). The relative energies of these two states strongly depend on the solvent polarity. In cyclohexane, the energies of the LE and ESIPT states relative to the optimized structure in *S*~0~ are +2.92 eV and +3.08 eV. In contrast, the energies of both states decrease in acetone (LE: +2.68 eV; ESIPT: +2.59 eV), and, more importantly, the ESIPT state becomes thermodynamically more stable. These results are consistent with the experimentally observed solvent effect for **3**.

![Potential energy diagrams for **3** (a) in cyclohexane and (b) in acetone. The relative energies were calculated at the CAM-B3LYP/6-31+G(d) (N and O), 6-31G(d,p) (migrating H), and 6-31G(d) (all other atoms) levels of theory, and are given in eV relative to the optimized geometry in *S*~0~.](c8sc00066b-f4){#fig4}

A notable characteristic of our strapped ESIPT system is the large oscillator strength (*f*) of the electronic transition even in the ESIPT state. The *f* value of **3** for the LE state in cyclohexane (1.293) increases for the ESIPT state in acetone (1.681). As the radiative decay rate constant (*k*~r~) is proportional to the *ν*^2^*f* value,[@cit33] where *ν* is discuss this *ν*^2^*f* value. The calculated values for the LE state in cyclohexane (2.72 × 10^11^ cm^--2^) and the ESIPT state in acetone (2.97 × 10^11^ cm^--2^) are comparable to each other. This fact demonstrates that although the red-shift in the emission from the LE state in cyclohexane to the ESIPT state in acetone significantly decreases the *ν* value, this is compensated by a concomitant increase in the oscillator strength in the ESIPT state by 30%. This is a rather unique feature of our system compared to conventional ESIPT systems.[@cit28]

In addition, it is worth noting that the significant stabilization of the ESIPT state in acetone accompanies a substantial structural change. [Fig. 5](#fig5){ref-type="fig"} shows the optimized geometry and plots of the variation in each bond distance from the ground state to the LE state in cyclohexane and the ESIPT state in acetone. The larger structural relaxation in acetone than in cyclohexane leads to a more pronounced quinoidal character of the ESIPT state in acetone ([Fig. 5c](#fig5){ref-type="fig"}), where the C7--C8 bond is significantly shortened, and the C6--C7 and C8--C9 bonds in the central pyrrole ring are elongated. This structural change should be, at least in part, responsible for the increase in oscillator strength, and might also be relevant to the suppression of the non-radiative decay by forming a rigid planar quinoidal structure in the ESIPT state.

![Optimized geometries of **3** for (a) the LE state in cyclohexane and (b) the ESIPT state in acetone; (c) plots of the change in each bond distance during the structural relaxation in the ES and an atom-labeling scheme.](c8sc00066b-f5){#fig5}

Structural modifications to attain more red-shifted and brighter NIR emission
-----------------------------------------------------------------------------

In order to achieve efficient ESIPT emission in the NIR region, we subsequently tried to expand the π-conjugation. Among **1--3**, dimesitylboryl-substituted **1** showed the longest-wavelength emission from the ESIPT state. Therefore, we used this scaffold and synthesized the corresponding π-extended derivatives **4** and **5**, which contain 3,5-dimethylphenyl and ethenyl groups between the thiophene and BMes~2~ groups, respectively. Indeed, compounds **4** and **5** exhibited emission in the NIR region in polar solvents, whereby **4** showed a more pronounced response to the solvent polarity ([Fig. 6](#fig6){ref-type="fig"}). In cyclohexane, **4** exhibited an absorption band at 435 nm and a green fluorescence band at 513 nm with a Stokes shift of 3500 cm^--1^. In acetone, a significantly red-shifted ESIPT emission band appeared at 728 nm (*Φ*~F~ = 0.18). The Stokes shift reached 9600 cm^--1^, which is substantially larger than those of other derivatives, indicative of a large structural relaxation of **4** in polar solvents.

![Fluorescence spectra of (a) **4** and (b) **5** in various solvents (inset in b: photographs under irradiation with *λ*~ex~ = 365 nm).](c8sc00066b-f6){#fig6}

In terms of the fluorescence quantum yield, ethenyl-extended **5** exhibited more attractive properties. While **5** showed an intense emission at 547 nm from the LE state (*Φ*~F~ = 0.68) in cyclohexane, it exhibited NIR fluorescence from the ESIPT state in acetone at 708 nm with a Stokes shift of 6600 cm^--1^. Notably, the fluorescence quantum yield remained high (*Φ*~F~ = 0.55), despite the large Stokes shift. In light of the fact that examples of NIR-fluorescent ESIPT dyes with *λ*~em~ \>700 nm and high fluorescence quantum yields are still limited,[@cit21g],[@cit34] our system can be considered as a rather unique fluorescent scaffold.

Two-photon absorption properties
--------------------------------

It should also be noted that our system is beneficial to two-photon excitation. It has been well documented that A--π--D--π--A-type fluorophores exhibit a large two-photon absorption cross section (TPACS).[@cit31],[@cit35] To assess this feature, we conducted TPA measurements on **5** together with **1** and **7** as reference compounds ([Fig. 7](#fig7){ref-type="fig"}). The TPA spectra were recorded in THF using the open-aperture Z-scan method with a femtosecond optical parametric amplifier (SpectraPhysics TOPAS Prime pumped by a Spitfire operating at a repetition rate of 1 kHz) as the light source by varying the incident wavelength. The results revealed that **5** exhibits the largest TPACS (698 GM at 881 nm), which is almost double that of boryl-substituted 1 (322 GM at 800 nm), which demonstrates the impact of the extension of the π-conjugation in **5**. This result also means that **5** can show an NIR emission at ∼700 nm by two-photon excitation in the NIR region. It is the large Stokes shift of the ESIPT that can be the mechanism to achieve such a close energy difference between the emission and the two-photon excitation.

![Two-photon absorption cross section (TPACS) of **1**, **5**, and **7** in THF (solid circles). All data were corrected based on MPPBT/DMSO as the in-house standard.[@cit35]](c8sc00066b-f7){#fig7}

A comparison between **5** and **7** revealed the crucial role of the amine strap in **5** for its TPA properties. Compound **7**, which contains an alkyl chain strap instead of an amine, exhibited a TPACS value that was one third smaller that of **5**, despite the fact that these compounds have the same π-conjugated scaffold. The temperature-dependent absorption spectra of **7** afforded insight into this difference (Fig. S21[†](#fn1){ref-type="fn"}). Compound **7** showed a broad absorption band at 300--550 nm at room temperature. Upon decreasing the temperature, the absorbance at 396 nm increased gradually, while that at 490 nm decreased with an isosbestic point. This spectral change indicates that **7** comprises two conformers in the ground state. The conformer exhibiting the absorption band at the longer wavelength, which most likely has a more planar structure, is thermodynamically less stable than the other. In sharp contrast, **5** only showed a single absorption band at 490 nm in solution. These differences suggest that the intramolecular hydrogen bond in **5** helps to constrain the conformation of the 2,5-dithienylpyrrole moiety in a planar fashion in the ground state. The population of the planar conformer is probably responsible for the increased TPACS of **5** compared to that of **7**.

Conclusions
===========

We have demonstrated that the nature of the terminal electron-accepting groups plays a crucial role for the ESIPT fluorescence properties of an alkylamine-strapped ESIPT chromophore based on 2,5-dithienylpyrrole. A diformyl derivative represents a suitable model to study the emission properties from the LE and ESIPT states. TD-DFT calculations revealed that in the ESIPT state the π-conjugated part of the molecule adopts a significant quinoidal structure. Of particular note is that a borylethenyl-substituted derivative **5** showed an intense NIR emission (*λ*~em~ = 708 nm, *Φ*~F~ = 0.55) in acetone. Moreover, **5** can be excited by two-photon absorption, as it exhibits high two-photon absorption cross-section values. Notably, it is the ESIPT mechanism with a large Stokes shift that enables the close energy between the NIR two-photon excitation and the NIR emission. These features should offer significant merits in further applications of NIR fluorescent dyes, such as a deep-tissue fluorescence imaging and NIR organic light-emitting diodes.
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